In view of the low switching frequency restriction of high-power permanent magnet synchronous motor (PMSM) drive system and longing for sensorless control in hostile conditions, a novel PWM control scheme, born out of selective harmonic mitigation pulse width modulation (SHMPWM) technique, was proposed for sensorless control of high-power PMSM. A new enhanced constraint was placed on the traditional SHMPWM nonlinear transcendental equation to selectively generate constant amount of a certain 3 + 1 order harmonic signals while guaranteed that the undesired harmonic signals can be suppressed. At the same time, the 3 + 1 order harmonic signals were extracted by band-pass filter, which had the constant amplitude and phase angle difference of 120 ∘ , equivalent to inject rotating voltage vector in the natural coordinate system of motor, and the rotor position can be estimated using the 3 +1 order harmonic signals. The nonlinear transcendental equation of the novel modulation technique had been designed, and its numerical method had been analyzed. The rotor position observer had been designed according to the 3 + 1 order harmonic signals. Simulation results verify that the harmonic suppression of the system was implemented, and the sensorless control was efficient by the novel SHMPWM technique.
Introduction
High-power permanent magnet synchronous motor (PMSM) has a wide range of applications in electric drive system such as electric vehicle and high-speed rail due to its design philosophy of high efficiency and energy conservation [1] .
On the one hand, the high-power motor drive system is more technically required in many aspects than the drive system of medium and low power. From the perspective of the inverters, the highest switching frequency is a few hundred Hz because of the limitation caused by switching loss and heat dissipation. Whereas the fundamental frequency of the electrical machines sometimes approaches to 200 Hz and even higher, the decrease in the switching frequency will increase the harmonic components in the system. If the conventional pulse width modulation (PWM) is still used, then a large-sized filter circuit is supposed to be connected to the main transform circuit to meet the requirement of the system. However, this will upsize the system, reduce the efficiency of the inverters, and increase the cost greatly.
Therefore, specific control strategies should be taken, for example, the selective harmonic elimination pulse width modulation (SHEPWM) or the selective harmonic mitigation pulse width modulation (SHMPWM), so as to reduce the harmonic components, downsize the system, and improve the efficiency of the whole system [2] [3] [4] .
On the other hand, it is necessary to obtain the information about the rotor's position and velocity in order to achieve a better performance control on the high-power PMSMs. This is usually realized by mechanical sensors such as the encoders and resolvers. However, the assembly of the mechanical sensors will bring about a large number of problems such as increasing the cost, decreasing the reliability, upsizing the system, and reducing the anti-interference ability. The sensorless control is a hot spot in the high performance machine driving field aimed at widening the application range of the PMSMs. The control strategies of the sensorless control are mainly divided into two types: fundamental magnetizing method and high-frequency signal component method. The former is based on the fundamental dynamic model of the electrical machine [5, 6] and suitable for sensorless operation at a medium or high speed. The latter is based on the space-saliency effect and the rotor position is observed simultaneously by injecting highfrequency excitation signal into the electrical machine so that the sensorless operation of the IPMSMS can be realized at the overall speed range. Thus, the sensorless control of the IPMSMs based on the high-frequency component model is of great practical significance [7] [8] [9] . However, in the highpower PMSM drive system, if the specific high-frequency is obtained by injecting an external signal, it will be difficult to select the frequency of the injecting signal as the difference between the fundamental frequency of the electrical machine and the switching frequency is quite small. This paper proposes a novel SHMPWM technique for sensorless control in high-power PMSMs considering the working condition. The SHMPWM technique is used to reduce the main harmonic components of low order in the system. Moreover, a new enhanced constraint was placed on the traditional SHMPWM nonlinear transcendental equation to generate harmonic signal of specific order to estimate the rotor position. By this way the rotor position can be obtained without injecting any specific external signal. The simulation analysis of the system has also been done and the results have proven the correctness and effectiveness of the proposed control algorithm.
Novel SHMPWM Technique Principle

The Harmonic Analysis on the Three-Level Inverter.
In this paper, three-level NPC inverter for high-power PMSM system is used and its topology is shown in Figure 1 .
The output voltage waveform of the three-level NPC inverter is illustrated in Figure 2 . Assume that there are switching angles in the [0, /2] period; ( = 1, 2, . . . , ) represents the switching angle. The waveform which is given in Figure 2 can be expressed as (1) by Fourier Series expansion
where
From Figure 2 , as ( ) is 1/2 and 1/4 periodic symmetric, then
where = 5, 7, 11, . . . . From (3), the ratio of the amplitude of order harmonic component and DC-bus voltage is
SHMPWM Modulation Algorithm.
The classic SHEPWM technique fixes the value of 1 (which is normally called the modulation index ( )) and also eliminates −1 harmonics; the nonlinear transcendental equation can be written as
The SHMPWM is not aimed at eliminating the harmonic components of specific orders to zero but keeping them 
where is the modulation index and is the maximum limit of th harmonic component.
2.3.
A Novel SHMPWM Technique. Equation (6) can only be used to suppress the harmonics of the system. However, it cannot be used to generate the high-frequency signal by which the rotor position can be estimated. In order to realize the sensorless control on the electrical machine, the constraint on (6) is enhanced and a novel SHMPWM nonlinear transcendental equation is obtained so that the amplitude of a certain order harmonic is kept constant by the premise of satisfying the allowable ranges of a related standard; the constraint is as follows:
where = 5, 7, 9, . . . , − 2, + 2, . . ., and represents the specific harmonic order of the signal which is used to realize the sensorless control. Equation (7) on the one hand guarantees that the harmonics of the system are limited within an approved harmonic range so that the harmonics of the system are suppressed effectively; on the other hand, the amplitude of th order harmonic is kept constant to meet the requirement in sensorless control.
A phase difference of 120 ∘ from each other is required for the 3-phase specific order harmonics in sensorless control; the 3-phase th order harmonic of the inverter output voltage can be expressed by Fourier analysis as follows:
If = 3 + 1, = 1, 2, 3, . . ., (8) can be expressed as
From (9), it can be concluded that when the selected specific harmonic order = 3 + 1, = 1, 2, 3, . . ., the phase difference between the selected 3-phase harmonics is 120 ∘ , which meet the requirement in sensorless control. Namely, the harmonics of 7th, 13th, 19th, and 25th order can be selected to be used as the specific signal components to estimate the rotor position.
The nonlinear transcendental equation of the proposed novel SHMPWM technique can also be derived via (7) if = 3 + 1, = 1, 2, 3, . . . .
The Numerical Solution of the Novel SHMPWM
Equation (7) can be solved by the conventional NewtonRaphson Iteration which is more applicable for equalities than inequalities. Furthermore, the Newton-Raphson method depends highly on the choice of the initial value. An unsuitable initial value may cause difficulties and even divergence in the iteration process. Thus, the optimization method is used in this paper to solve the SHMPWM equation. When = 5 and the harmonic components of less than 50th order are suppressed, the equations of the SHMPWM algorithm are analyzed. Equation (7) is equivalent to min THD 50 s.t.
where THD 50 is the total harmonic distortion of the top 50 orders and
And the specific harmonic order is chosen as = 25. Then (10) can be written as follows:
where ( ) is the harmonic constraint whose amplitude should be limited, = 5, 7, . . . , 47, 49. All of ( ), ℎ ( ), and ( ) possess continuous partial derivatives of first order. Penalty function method is used to construct objective function OF as follows, and it is assumed that numbers of inequality constraints are added to the constraint equation of SHMPWM:
where ( ) is the nonlinear function which is deliberately introduced aimed at creating an easier access to solve the equation; it can be expressed as
where , represent the penalty factor; additionally, , ≫ 1. The function of ( ) is that if satisfies the inequality constraint, then is set to 0; that is, has no effect on the objective function OF; if does not satisfy the inequality constraint, then is set to 1, so the product of and penalty factor makes the value of the objective function OF rise rapidly. The optimization problems with constraints have been transformed to optimization problems without constraints by changing the constraints of the SHMPWM equation which is realized via setting the value of ( ). Moreover, ( ) enlarges the difference between function values when the independent variables are chosen from the feasible and infeasible solutions area in the solution space of the SHMPWM constraint equation, which plays a role of constraint so the correctness of the solution is guaranteed. The effect of different subfunctions on the objective function OF as well as the weight of different harmonics can be changed by modifying the value of the penalty factor; in this way the promising result is flexibly controlled. Additionally, as arbitrary number of inequality constraints can be applied to the equation, that is, the limitations on the amplitude of arbitrary number of harmonics can be set, the feature that the SHMPWM can only control the amplitude of a limited number of harmonics vanishes so that the output harmonics can be better controlled. The problem of solving the SHMPWM nonlinear transcendental equation has been transformed into the problem of determining the minimum value of the objective function OF after the construction of objective function OF. Meanwhile, the optimization problem with constraint has been transformed to that without constraint, which simplifies the solving process greatly.
In the solving process, two equality constraints, that is, the equality constraints on the amplitude of fundamental and 25th order harmonic, respectively, are introduced to balance the rapidity and accuracy in the solving process with the requirement of generating rotating voltage vector of specific component. The feasible solutions under different modulation ratio can be determined by putting equality constraint on different amplitudes of the fundamental frequency (the modulation ratio ). When 
The High-Power PMSM Sensorless
Vector Control System Based on SHMPWM Technique 4.1. The System Construction. As the SHMPWM technique regards all the switching actions in one period as one action, the current of the electrical machine cannot be controlled in real time by controlling the individual switching action, so special strategy is needed to complete the vector close loop of the electrical machines. The schematic diagram of the PMSM close loop control system based on SHMPWM is given in Figure 3 . In Figure 3 , BPF is the band-pass filter. When the driver system is implemented, 50-order FIR filters are used for the digital filtering of the phase-current signals, and then the th order harmonic current signals can be obtained from BPF. The cut-off frequency selection of the FIR filters is difference of about 10 octaves for signal sampling frequency. The bandwidth is narrower, the achieved th order harmonic current signals are more accurate, the estimated rotor position error is smaller, and this leads the system to have high dynamic or steady performance.
The vector control can be realized by regulating the modulation ratio and the phase of voltage vector in the SHMPWM output waveform.
From the Park inverse transform matrix
where is the rotor angle at the current position. Trigonometric transform is carried on (14) and the result is = √ 2 + 2 cos ( + ) ,
where is the calculated angle whose value is determined by
Mathematical Problems in Engineering The voltage vector of -phase is determined by
The phase of voltage vector of -and -phase can be acquired by delaying the phase of voltage vector of -phase by 120
∘ and 240 ∘ , respectively. The modulation index can be obtained directly by (15) and the correlation between the amplitude of sine wave and square wave
Rotor Positions Estimation Principle Using Rotating Voltage Vector Signals.
In order the determine the formula which can be used to estimate the rotor position, two 2-phase static reference coordinates are built and their space-vector correlation is shown in Figure 4 [9] . Based on the high-frequency mathmatic models and coordinate transformation theory, the equation of the current envelop of th order harmonic under -and -frames of high-power PMSM can be determined from (9)
where 0 represents the average value of the inductance, 0 = ( + )/2; 1 stands for the half of the difference between and , namely, 1 = ( − )/2, , represent the -axis inductance and -axis inductance, respectively, and is the rotor position in electrical degree. The information of the rotor position is included in cos(2 ) and sin (2 ) in (19); from the law of cosines, the formula of the rotor position estimation can be determined aŝ=
The described design methods for band-pass filter and rotor position observer have been realized in the 200 W IPMSM sensorless control system based on the carrier frequency component method and two-level inverter [10, 11] . The experimental results are shown in Figures 5-7 . Figure 5 shows that the designed BPF is correct, and Figures 6 and  7 show that the designed rotor position observer is feasible. The experimental results demonstrate the design methods for band-pass filter and rotor position observer are reasonable and feasible. These methods can also be applied in highpower PMSM sensorless control using the novel SHMPWM technique. 
Simulation Results
In order to prove the correctness of the proposed algorithm, the model of the system based on Matlab/Simulink is built and the simulation analysis is implemented. The key parameters of the system are given in Table 1 . Figure 8 shows the waveforms of the inverter output line voltage and phase voltages , under the SHMPWM. Figure 9 shows the waveforms of the inverter output line voltages , , and under SHMPWM. And Figure 10 illustrates the Fourier analysis result of inverter output line voltage under SHMPWM. From the result of Fourier analysis, the maximum value of the harmonics as well as the THD decreases when SHMPWM is used at the working condition with a 500 Hz switching frequency and a 100 Hz operation frequency. The total harmonic content satisfies the approved harmonic operation range regulated by IEEE 519-1992 standard.
In order to prove the effectiveness of the proposed SHMPWM technique and the optimization method, the harmonic components calculated by the SHMPWM technique, the novel SHMPWM technique based on Newton-Raphson method, and the novel SHMPWM technique based on optimization method, respectively, are compared; the results are shown in Table 2 . From Table 2 , (1) although the 5th and 13th order harmonics can be eliminated using SHEPWM when there are 5 switching angles, the amplitude of several harmonics achieves a high value because this method brings no limitation on the higher order harmonics. The amplitude of the 17th, 19th, and 23rd order harmonics even approaches to 30% which is far larger than that of any other harmonics, causing difficulties in filtering. (2) When the results are derived from the SHM-PWM technique based on Newton-Raphson method, though low order harmonics with small amplitude are generated, the higher order harmonics are eliminated which result in a decrease in the total harmonic distortion of the top 50 order harmonics THD 50-To . The amplitude of the 5th and 13th order harmonics is so small that it can be output directly without connecting a filter. However, its performance on the control of low order harmonic is still nonideal, because the amplitude of the 17th and 25th order harmonics is still high. As the 25th order harmonic is the high-frequency signal needed to be injected to control the system, it is supposed to be filtered out using a band-stop filter, which causes difficulties in the design process. (3) When the results are derived from the SHMPWM technique based on optimization method, the total harmonic distortion THD 50-Tot reduces significantly and the lower order harmonics are moved to higher order by the additional constraint which lead to a decrease in the amplitude of the low order harmonics. The amplitude of the 23rd order harmonics calculated by this method is no more than half of that calculated by the SHEPWM method, the amplitude of the 19th order harmonic is only 20% of which calculated by the SHEPWM method, and the amplitude of 25th order harmonic keeps unchanged so that it can be used as the high-frequency injecting signal for the sensorless control in high-power PMSM. Moreover, the higher order harmonics can be filtered out by setting a low-pass filter and even output directly without filters. Figure 11 presents the waveforms of the 25th order harmonic voltages; they have constant amplitude and a phase difference of 120 ∘ ; it can be used to achieve the estimation of the rotor position.
The detailed simulation analysis has been done under rated-load test. Figure 12 shows a-phase stator current waveforms and the Fourier analysis result of the current. The current contains the 25th order harmonic current component; it can be used to estimate the rotor position of PMSM.
The response curves of speed shown from Figures 13-15 present the simulation results of the estimated rotor position and the estimated error, respectively, using the specific 25th harmonic components. The simulation results show that the information of the rotor position can be estimated accurately using the specific 25th order harmonic components, and the designed system has high dynamic and steady-state performance.
Conclusions
Based on the above analysis, the SHMPWM technique for sensorless control of high-power PMSM has been proposed and tested by simulations. (1) By limiting the specific order harmonic in the SHM-PWM constraint to a constant value, the harmonics of the system can be eliminated and the selective voltage signal of specific orders can be generated. The nonlinear transcendental equation of SHMPWM is analyzed mathematically and then the universal solving process is given by optimization method. THD at the cost of increasing proportion of the low order harmonics by a small amount. The simulation results indicate that harmonic proportion in the output voltage can be 10% less than the SHEMPWM technique with the same switching angle by setting the constraint of the SHMPWM equation reasonably. (3) By enhancing the constraints on the SHMPWM, the rotating voltage vector of 25th order which is generated by the inverters has constant amplitude and a phase difference of 120 ∘ so the sensorless control of the high-power PMSM is realized. The simulation results have proven the feasibility of the theoretical analysis.
The novel SHMPWM technique proposed in this paper provides a new way in the suppression of harmonics and sensorless control in the high-power PMSM. After the theoretical analysis and simulations, the experiments on the system and research on the practical engineering are the subsequent issues to be researched.
